In mammals, circadian genes, Clock, Arntl (also known as Bmal1), Cry1, Cry2, Per1, Per2, and Per3, are rhythmically transcribed every 24 h in almost all organs and tissues to tick the circadian clock. However, their expression and function in oocytes and preimplantation embryos have not been investigated. In this study we found that the circadian clock may stop in mouse oocytes and preimplantation embryos. Real-time PCR analysis revealed the presence of transcripts of these genes in both oocytes and preimplantation embryos; however, their amounts did not oscillate every 24 h in one-to four-cell and blastocyst-stage embryos. Moreover, immunofluorescence analyses revealed that CLOCK, ARNTL, and CRY1 were localized similarly in the nuclei of germinal vesicle (GV) oocytes and onecell-to four-cell-stage embryos. Because CRY1 is known to interact with the CLOCK-ARNTL complex to suppress transcription-promoting activity of the complex for genes such as Wee1, Cry2, Per1, Per2, and Per3 in cells having the ticking circadian clock, we hypothesized that if the circadian clock functions in GV oocytes and one-cell-to four-cell-stage embryos, CLOCK, ARNTL, and CRY1 might suppress the transcription of these genes in GV oocytes and one-cell-to 4-cell-stage embryos as well. As a result, knockdown of CRY1 in GV oocytes by RNA interference did not affect the transcription levels of Wee1, Cry2, Per1, Per2, and Per3, but it reduced maturation ability. Thus, it seems that circadian genes are not involved in circadian clock regulation in mouse oocytes and preimplantation embryos but are involved in physiologies, such as meiosis.
INTRODUCTION
In mammals, a group of circadian genes that encode transcription regulation factors (Clock, Arntl, Cry1, Cry2, Per1, Per2, and Per3) is expressed in most organs, tissues, and cells. These factors are upstream regulators of the circadian clock, regulating the timing observed in many physiological phenomena, such as sleep and wakefulness, changes in metabolic activity, and cell cycle transition [1] [2] [3] [4] [5] . These genes are classified into two groups: transcription-promoting factors, Clock and Arntl, and transcription-suppressing factors, Cry1, Cry2, Per1, Per2, and Per3 [4, 6] . Because transcription of each group is activated every 24 h and alternately peaks nearly every 12 h, numerous genes whose transcription is regulated by circadian genes are repetitively transcribed every 24 h, thereby regulating many circadian physiological phenomena [4, 6, 7] . The molecular mechanisms of transcription regulation by proteins encoded by these genes have been partially revealed. Although the regulation of Clock and Arntl transcription has not been fully clarified [8] , studies have shown that when CLOCK and ARNTL accumulate in the cell, they develop a complex using their Pas-Arnt-Sim domains, and because the complex has a basic helix-loop-helix region, it attaches to the E-box sequence (CACGTG) and promotes transcription of numerous clock-controlled genes (CCGs) that have an E-box sequence in their promoter regions [4, 6] . Moreover, Cry1, Cry2, Per1, Per2, and Per3 also have an E-box sequence in their promoter regions, and their transcription is similarly promoted by the CLOCK-ARNTL complex, with the derived CRY1, CRY2, PER1, PER2, and PER3 proteins subsequently accumulating in the cells [4, 6] . Among these proteins, only CRY1 and CRY2 can directly interact with the CLOCK-ARNTL complex and strongly suppress the transcription-promoting activity of the CCGs and Cry1, Cry2, Per1, Per2, and Per3 [9, 10] . Because this suppression in turn decreases the cellular content of the transcripts of Cry1 and Cry2, the transcription-promoting activity of the CLOCK-ARNTL complex is reactivated [6, 9, 10] .
Two studies have demonstrated that the transcripts of Clock, Arntl, Per1, and Cry1 are present in oocytes and in each stage of preimplantation embryos, but it is not known whether the levels of the transcripts fluctuate every 24 h [11, 12] . Because clarification of 24-h fluctuation in the levels of the transcripts is important for knowing whether circadian genes are involved in regulation of the circadian clock in target organs or cells [13] , a more detailed expression analysis is required to understand the function of circadian genes in oocytes and preimplantation embryos. For example, continuous expression analyses that can reveal whether the amount of circadian gene transcripts oscillates every 24 h in oocytes and preimplantation embryos are required to determine whether circadian genes regulate the circadian clock in oocytes and preimplantation embryos, as in other cells [13, 14] . Furthermore, although the proteins that are derived from circadian genes function as transcription regulation factors when present in the nuclei of cells, the expression profiles of circadian genes, including their cellular localizations, have not been examined in the oocytes and preimplantation embryos of any animals, including mice [15, 16] .
Moreover, to clarify the function of circadian genes in oocytes and preimplantation embryos, investigations are needed to determine whether the transcriptions of confirmed CCGs in other cells and Cry1, Cry2, Per1, Per2, and Per3 are also regulated by circadian genes in oocytes and preimplantation embryos [2, 17] . Several recent studies have demonstrated that Wee1, which codes for one of the cyclin-dependent kinase inhibitors that inactivates the subunit of M phasepromoting factor (MPF) to inhibit premature entry into M phase, possesses three E boxes that are responsive to the CLOCK-ARNTL complex [2] . Moreover, because Wee1 transcription is promoted in the fibroblasts and liver cells of Cry1-and Cry2-deficient mice, Wee1 is believed to be one of the CCGs [18] .
In somatic cells, transcription activity of Wee1 induced by the CLOCK-ARNTL complex is suppressed by CRY1 and CRY2 at the time of M-phase entry in mouse liver cells to support smooth activation of MPF and progression of M phase [2, 18, 19] . This Wee1-mediated regulation mechanism seems to be operative in oocytes, because the timing of reinitiation of meiosis in germinal vesicle (GV) oocytes of vertebrates corresponds to the timing of entry into M phase in mitosis, and transcripts of Wee1 are scarcely detected or are absent in mouse GV oocytes [19, 20] . Moreover, injection of Wee1 mRNA into frog GV oocytes inhibits meiosis reinitiation by inducing MPF inactivation, suggesting that there are some mechanisms by which Wee1 transcription in GV oocytes is inhibited, such as the regulatory mechanism by CLOCK, ARNTL, CRY1, and CRY2 [21, 22] .
In this study, to reveal the function of circadian genes in mouse oocytes and preimplantation embryos, we analyzed the expression profiles of circadian genes together with the cellular localizations of the derivative proteins of circadian genes in mouse oocytes and preimplantation embryos. Moreover, to determine whether the functions of derivative proteins of circadian genes in GV oocytes are similar to those in other somatic cells that have the ticking circadian clock, the effects of CRY1 suppression on the meiosis process and on transcription of CCGs, such as Wee1, Cry2, Per1, Per2, and Per3, were also examined in GV oocytes.
MATERIALS AND METHODS

Animals
Six-week-old ICR female and male mice were purchased from Kiwa Experimental Animal Laboratory (Wakayama, Japan). The mice were housed (5-10 per cage) under a lighting schedule with 14 h of light (0630 h to 2030 h) followed by 10 h of darkness. All procedures involving animals conformed to the guidelines of Kinki University for the care and use of laboratory Animals.
Media
M2 medium [23] prewarmed to 378C was used for handling of oocytes and preimplantation embryos (handling medium). TYH medium was used for the coculture of oocytes and spermatozoa (fertilization medium), and K-SOM medium was used for developmental culture of preimplantation embryos (development medium) as described previously [24] . Alpha minimum essential medium (alpha MEM; Invitrogen, Carlsbad, CA) to which 3 mg/ml bovine serum albumin (BSA) fraction V (Calbiochem, San Diego, CA), 1 ng/ml epidermal growth factor (Sigma-Aldrich, St. Louis, MO), 0.5 IU/ml folliclestimulating hormone (Teikokuzoki, Tokyo, Japan), and 10 mg/ml fetuin (Sigma-Aldrich) were added (maturation medium) was used for in vitro maturation (IVM). The medium was kept in an incubator for 12 h before use to equilibrate medium with the 5% CO 2 environment.
Collection of Oocytes and Preimplantation Embryos
Female mice were injected with 5 IU equine chorionic gonadotropin (eCG; Teikokuzoki) at 1800 h and were killed by cervical dislocation 48 h after injection. Their ovaries were collected in handling medium, and the follicles were dissected with a micro blade. Among the oocytes derived from the dissected follicle, those having a GV were collected as GV oocytes. Sixty GV oocytes collected from 10 mice were divided into three groups of 20 GV oocytes each and placed into 2-ml tubes. The tubes were frozen by soaking in liquid nitrogen and were stored at À808C until mRNA extraction.
For one trial of in vitro fertilization (IVF), 35 female mice were injected with 5 IU eCG at 1800 h, and 5 IU human chorionic gonadotrophin (hCG; Teikokuzoki) was injected 48 h later. The mice were killed 15 h after hCG injection, and the cumulus-oocyte complexes were derived from the ampullae. The cumulus cells from one group of the cumulus-oocyte complexes were removed by hyaluronidase, and polar body extrusion was checked. Oocytes that have polar body extrusion were recognized as MII oocytes, and all oocytes checked in this study were confirmed to have extruded polar bodies. After checking, the oocytes were collected into 2-ml tubes, immediately frozen using liquid nitrogen, and stored at À808C until mRNA collection. The remaining cumulus-oocyte complexes were separated into groups of 100-200, and each group was placed in a drop (200 ll) of fertilization medium and placed in a CO 2 incubator until the addition of spermatozoa. Sperm were obtained from the cauda epididymis of male mice, and 1 ll sperm was suspended in 200 ll fertilization medium. A total of 1 ll of the spermatozoa-containing fertilization medium was added to 200 ll of fertilization medium to which cumulus-oocyte complexes had been added previously. The time of spermatozoa addition to the fertilization medium was set as 0 h after insemination (0 hpi). The resulting final concentration of spermatozoa was 1.5 3 10 5 /ml. Coculture of cumulusoocyte complexes and spermatozoa was continued for 3 h, and the spermatozoa and cumulus cells were removed from the oocytes by vigorous pipetting. After washing using developmental medium, the oocytes that had two pronuclei were selected as preimplantation embryos and were transferred to new drops (100 ll) of development medium in a Petri dish. They were then put into an incubator and cultured for 93 h.
Preliminary analyses revealed that more than 80% of the preimplantation embryos obtained at 0-15, 18-36, 42-48, and 84-96 hpi corresponded to onecell, two-cell, four-cell and blastocyst stages, respectively, and that more than 80% of the preimplantation embryos collected at 60 and 72 hpi corresponded to eight-cell and morula stages, respectively. For this reason, we collected one-cell embryos at 6, 9, 12, and 15 hpi; two-cell embryos at 18, 21, 24, 30, and 36 hpi; four-cell embryos at 42 and 48 hpi; eight-cell embryos at 60 hpi; morulae at 72 hpi; and blastocysts at 84, 90, and 96 hpi as representative embryos at each time point. However, our preliminary experiment also showed that the periods between 48-60, 60-72, and 72-84 hpi corresponded to the timing of embryonic development into the next developmental stage, and because there was no developmental stage that was reached by more than 80% of the cultured embryos during these periods, we did not collect embryos in these periods. At each collection time point, 20 embryos that had developed into the designated stage were collected into a 2-ml tube and immediately frozen using liquid nitrogen. The sample tubes were stored at À808C until mRNA extraction. In this experiment, three IVF trials were performed for collection of preimplantation embryos. One sample was collected at each time point in one IVF trial, and three sample tubes were obtained for each collection time point in three IVF trials.
In Vivo Collection of Preimplantation Embryos
Female mice were injected with 5 IU eCG at 1800 h and then with 5 IU hCG 48 h later. After the injection of hCG, each female mouse was cohoused with a male mouse for 15 h for mating. Immediately after this period, each female mouse having a vaginal plug was transferred to another cage. Four to eight mice were killed at each of the time points of 15, 27, 36, 48, 54, 63, 78 , and 93 h after the start of cohousing for collection of the oviducts and uterus. The collected samples were flushed with handling medium to obtain preimplantation embryos. We confirmed that more than 80% of the collected embryos at each time point were at one-cell (15 h), one-cell (27 h), two-cell (36 h), two-cell (48 h), four-cell (54 h), eight-cell (63 h), morula (78 h), and 474 blastocyst (93 h) stages. Sixty embryos that were in the corresponding stage were collected at each time point, separated into three groups of 20 embryos each, and transferred to 2-ml tubes. The tubes were frozen immediately after collection using liquid nitrogen and were stored at À808C until mRNA extraction. To confirm normal ticking of the circadian clock in the mice used in this study, three mice that had undergone hormone treatment and mating were killed every 4 h from 68 to 88 h after start of cohousing, and the left kidneys were collected and placed in 2-ml tubes. The tubes were frozen immediately after collection and stored at À808C until total RNA extraction.
RNA Extraction and cDNA Synthesis
The mRNAs of oocytes and preimplantation embryos were extracted using a QuickPrep micro mRNA purification kit (GE Healthcare) according to the manufacturer's protocols. The extracted mRNA and the total RNA solution in each sample were incubated with DNase at 378C for 30 min to remove genomic DNA. The cDNA was synthesized from the purified mRNA and total RNA using a SuperScript III First Strand synthesis kit with random hexamer (Invitrogen). The total volume of the solution of each cDNA sample was adjusted to 10 ll using Tris-EDTA buffer. The obtained cDNA samples were stored at À208C until use for real-time PCR. Total RNA was extracted from each collected kidney using Trizol (Invitrogen) according to the manufacturer's protocol, and the extracted total RNA of each kidney was adjusted to 500 ng/ll.
Quantification of Transcripts of Circadian Genes in Oocytes and Embryos
Real-time quantitative PCR was performed using an ABI 7300 instrument and TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA) based on previously described methods [25, 26] with slight modifications. Briefly, we purchased the provided solutions that contained the probes and primers designed to detect the transcripts of mouse Clock, Arntl, Cry1, Cry2, Per1, Per2, and Per3 , and NM_011067, respectively; Applied Biosystems). To each reaction tube, 0.5 ll cDNA sample, which corresponded to one oocyte or embryo, was added. The amplification profiles of the target DNA sequences in each reaction tube were checked by measuring the intensity of the fluorescence of the probe in each tube. The intensity increased with amplification of target DNA. To quantify the amount of the target DNA sequence in each tube, C t (threshold cycle), which is defined as the cycle number at which the increase in fluorescence started, was determined for each tube. To transform C t into the amount of transcripts for each gene, the C t s of the solutions that contained 10 7 , 10 6 , 10 5
, and 10 2 copies/ll of DNA fragments of Clock, Arntl, Cry1, Cry2, Per1, Per2, and Per3 were measured. The C t of each concentration of cDNA fragment prepared for each gene was plotted on a logarithmic scale against log 2 of each cDNA fragment concentration. The curve obtained represents the standard curve. To measure the concentration of the transcripts of each circadian gene in oocytes or preimplantation embryos, the C t of each circadian gene in each cDNA sample of oocytes or preimplantation embryos was measured by real-time PCR and was applied to the corresponding standard curve that was prepared for each gene.
The series of cDNA samples obtained from one IVF trial was used for the same run of real-time PCR, and the reaction to obtain a standard curve for each target gene was performed for every run. To check amplification efficiency and reproducibility for each run of real-time PCR, slopes and correlation coefficients (R 2 ) of standard curves were calculated. We confirmed that the slopes of the standard curves were between À3.4 and À3.6 and that the R 2 values of all standard curves were .0.95. In addition, to check the reproducibility of the quantification ability of real-time PCR, quantification reactions of the transcripts of each target gene were performed twice for each cDNA sample in each run. We confirmed that the ratio of the duplicated data obtained from each target gene in the same cDNA sample did not exceed the range of 1:1.7 to 1:1 [26] . To express the data concisely, the duplicated data were averaged. The averaged data of the transcripts of each gene from each of the three samples of GV oocytes, MII oocytes, and preimplantation embryos obtained from each collection time point were averaged and used as the representative amount of transcripts of each gene ( Figs. 1 and 2 ). For the quantification of transcripts in the kidneys, 1 ll cDNA sample was added to each reaction tube.
Immunofluorescence of Oocytes and Embryos
Germinal vesicle oocytes, MII oocytes, and preimplantation embryos collected at 6, 12, 18, 24, 36, 48, 60, 72, 84, and 96 hpi were examined. The embryos collected at 6 and 12 hpi were at the one-cell stage, and those collected from 18 to 36 hpi were at the two-cell stage. The embryos collected at 48, 60, and 72 hpi were four-cell, eight-cell, and morula stages, respectively. Those collected at 84 and 96 hpi were blastocysts.
Immunofluorescence was performed according to a previously described method [27] , with slight modifications. For fixation, the sample oocytes and preimplantation embryos were transferred to a 100-ll drop of 4% (w/v) formaldehyde-neutralized buffer solution (Nakalai Tesque, Kyoto, Japan) immediately after collection and were incubated for 10 min at room temperature. Following the fixation, the samples were washed twice in phosphate-buffered saline (PBS) containing 3% (w/v) BSA (BSA-PBS), soaked in 0.2% (v/v) Triton X, and kept for 12 h at 48C to allow permeation of the antibodies through the nuclear membrane. Samples then were washed in BSA-PBS three times and incubated with the primary antibodies at 48C for 12 h. For this procedure, primary antibodies that had been diluted 100-fold with BSA-PBS immediately before the incubation were used. The primary antibodies used were goat polyclonal anti-CLOCK, ARNTL, and CRY1 (sc-6927, sc-8550 and sc-5953; Santa Cruz Biotechnology, Santa Cruz, CA). After incubation with primary antibodies, samples were washed three times with BSA-PBS and incubated with secondary antibodies (A11055; Alexa Fluor 488-labeled donkey anti-goat immunoglobulin G [IgG]; Molecular Probes, Eugene, OR) for 1 h at room temperature. After being washed with BSA-PBS three times, the samples were mounted on slides using Vectashield mounting medium (Vector Laboratories, Burlingame, CA) supplemented with 5 ng/ll of 4,6-diamidino-2-phenylindole (DAPI; D1306; Molecular Probes) to stain the nucleus. The slides were observed under a fluorescent microscope. To confirm the specificities of the signals obtained by the primary antibodies, samples obtained at each time point were treated with secondary antibodies without treatment with primary antibodies. We did not detect any signals from the specimens that were examined by this procedure. In addition, we showed that each primary antibody lost its detection ability of sample-specific signals when each primary antibody was processed by the corresponding neutralizing peptide (Santa Cruz Biotechnology; see Figure 4D ).
Microinjection of Short-Interfering RNA into GV Oocytes
Germinal vesicle oocytes were collected by the procedure that was used to collect GV oocytes for mRNA extraction. The obtained GV oocytes were divided into three groups, and each was put into a 50-ll drop of M2 medium that was placed on three injection chambers. Cry1 short-interfering RNA (siRNA; 4390771; Applied Biosystems), short RNA that did not code any sense RNA (nonsense RNA; 4390843; Applied Biosystems), and nuclease-free water (water) were injected into the three groups of GV oocytes. The chambers were set under a phase-contrast microscope into which a microinjector loaded with the appropriate solution was mounted. In this experiment, 10 pl of reagents was injected into the oocytes, thereby adjusting the final concentrations of siRNA as well as nonsense RNA in each oocyte to 10 nM. Decrease of CRY1 in the GV oocytes injected with Cry1 siRNA was assessed by Western blot analysis. Germinal vesicle oocytes injected with Cry1 siRNA and nonsense RNA were cultured in a 50-ll drop of alpha MEM medium to which 0.1 mg/ml dibutyl-cAMP (dbcAMP; a reagent known to reversibly inhibit meiosis reinitiation) was added. Intact GV oocytes were also cultured under the same condition. In each treatment group, three sets of 20 GV oocytes were collected at 6 and 12 h after the start of culture and were put into separate 2-ml tubes. Three sets of 20 intact GV oocytes also were collected immediately after collection from the ovary for the experimental control and were considered to be samples collected at 0 h from the start of culture. The collected oocytes were frozen using liquid nitrogen and stored at À808C until use for Western blot analysis. In each treatment group, the samples obtained at 6 and 12 h after the start of culture were analyzed together with that of obtained at 0 h. Concentrations of the CRY1 bands of the samples obtained at 6 and 12 h after culture were divided by that obtained at 0 h. The calculated values were set as relative concentrations. The relative concentrations of CRY1 bands obtained at each time point in each treatment group were averaged and plotted in a graph. The relative concentrations of ACTIN bands at each time point in each treatment group were also averaged and plotted in a graph.
Western blot analysis was performed as described previously [28] with slight modification. In brief, proteins were extracted using extraction buffer (10 mM urea, 30 mM dithiothreitol) and separated using 12.5% SDS-PAGE. The separated proteins were electrophoretically transferred to polyvinylidene fluoride membranes. The membranes were soaked in blocking solution (Block Ace; Dainippon-Pharm, Osaka, Japan) and were incubated for 12 h at 48C. Then the membranes were washed with Tris-buffered saline (pH 7.2) containing 0.2% Tween-20 (TBST) and incubated for 1 h at room temperature with a 1:100 dilution of anti-CRY1 antibody. The blots were washed with TBST and incubated with a 1:1000 dilution of donkey anti-rabbit whole-Ig-
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horseradish peroxidase conjugate (AP180P; Millipore, Billerica, MA) for 1 h at room temperature. After washing with TBST, the blots were detected by enhanced chemiluminescence (RPN3001; GE Healthcare). Preliminary analysis of the specificity of the anti-CRY1 antibody confirmed that the 68.5-kDa band detected by anti-CRY1 was absorbed when the extracts of oocytes were treated with a CRY1-neutralizing peptide (sc-5953P; Santa Cruz Biotechnology). For a positive control, the presence of B-ACTIN (ACTB) was also examined in the same samples that were used for CRY1 detection. Anti-ACTB (sc-1616; Santa Cruz Biotechnology) was purchased from Santa Cruz Biotechnology and was confirmed by the manufacturer to detect ACTB at 43.0 kDa. Concentrations of the detected bands were measured using a densitometry system (Molecular Imager Fx; Bio-Rad, Hercules, CA).
IVM of CRY1-Decreased GV Oocytes
In vitro maturation was performed as described previously [29] . Briefly, each group of 25-35 GV oocytes that had been injected with Cry1 siRNA, nonsense RNA, and water were cultured in alpha MEM medium to which 0.1 mg/ml dbcAMP was added. As a control, intact GV oocytes also were cultured in a similar manner. Each group of oocytes was collected 6 h after the start of culture-at which time disappearance of CRY1 was confirmedwashed with fresh maturation medium, and then cultured for 22 or 36 h in maturation medium. Oocytes from each treatment then were placed on a slide glass with Vectashield mounting medium (Vector Laboratories) to which 5 ng/ ll DAPI (Molecular Probes) had been added to stain the nuclei. The nuclear maturities of oocytes after maturation culture were evaluated as follows. Oocytes that had a germinal vesicle were classified as GV oocytes, oocytes without a polar body and containing one spindle were classified as MI oocytes, and oocytes having one polar body and one spindle were classified as MII oocytes. Finally, oocytes displaying degenerated nuclei were classified as degenerated oocytes.
Quantification of Transcripts of Wee1, Cry1, Cry2, Per1, Per2, and Per3 in CRY1-Decreased GV Oocytes
To check the levels of Wee1, Cry1, Cry2, Per1, Per2, and Per3 transcripts in CRY1-decreased GV ooocytes, GV oocytes injected with Cry1 siRNA, nonsense RNA, and water were cultured in a 50-ll drop of alpha MEM containing 0.1 mg/ml dbcAMP. In each treatment, 20 GV oocytes were collected 6 h after the start of culture, at which time disappearance of CRY1 had been confirmed. The collected oocytes in each treatment were put into 2-ml tubes and immediately frozen using liquid nitrogen. The tubes were stored at À808C until mRNA extraction. This procedure was repeated three times, and three tubes that each contained 20 oocytes were collected for each treatment. The mRNA extraction, cDNA synthesis, and quantification of the amounts of transcripts of Wee1, Cry1, Cry2, Per1, Per2, and Per3 were performed for each tube using the same protocol as that used for quantification of transcripts of circadian genes in GV and MII oocytes and preimplantation embryos. The FIG. 1. Expression profiles of circadian genes in oocytes and preimplantation embryos produced in vitro. In the figure, a, b, c, d , e, f, and g correspond to the expression profile of each circadian gene Clock, Arntl, Cry1, Cry2, Per1, Per2, and Per3, respectively. The x-axis denotes hpi and the developmental stages of oocytes and preimplantation embryos. The y-axis denotes copies per oocyte or embryo. GV, GV oocytes; MII, MII oocytes. Each value is represented as mean 6 SEM. Different lowercase letters denote statistically significant differences (P , 0.05).
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probe-primer mix Mm00494175_m1 (Applied Biosystems) was used for quantification of Wee1 transcripts. This probe-primer mix is based on NCBI accession number NM_009516.
Statistical Analysis
Statistical analyses were performed using STATVIEW (Abacus Concepts, Piscataway, NJ), and Fisher protected least significant difference multiplecomparison test was used for all of the analyses in this study. Overall differences between the groups were determined by one-way ANOVA, and Fisher protected least significant difference multiple-comparison test was applied when the results of one-way ANOVA were significant (P , 0.05).
RESULTS
In Vitro Quantification of Circadian Genes in Mouse Oocytes and Preimplantation Embryos
The largest amount of Clock transcripts was observed in GV oocytes. The amount decreased by two thirds after maturation (P , 0.05; Fig. 1 ), and Clock transcripts were almost depleted at 30 hpi (P , 0.05; Fig. 1 ). The amount of Clock transcripts in the embryos collected after 30 hpi was constant. The amounts of Arntl transcripts in GV oocytes, MII (0 hpi) oocytes, and preimplantation embryos collected between 6 and 24 hpi were almost constant and larger than the others (P , 0.05; Fig. 1 ). The Arntl transcripts were almost depleted at 30 hpi, and the amount remained constant thereafter. The largest amount of Cry1 transcripts was observed in GV oocytes (P , 0.05; Fig.  1 ). The amount decreased by half after maturation (P , 0.05), continued to be decreased up to 6 hpi (P , 0.05; Fig. 1 ), and remained constant thereafter. Although a statistically significant difference was found between 9 and 36 hpi, the level of Cry2 transcripts was almost constant in oocytes and preimplantation embryos (P , 0.05; Fig. 1 ). A statistically significant difference was found in the amounts of Per1 transcripts between 6 and 90 hpi, but the amounts of the transcripts were almost constant in all oocytes and embryos collected (P , 0.05; Fig. 1 ). Per2 transcripts were detected in GV oocytes but not in MII oocytes or preimplantation embryos (Fig. 1f) . Although amounts of Per3 transcripts in MII oocytes and preimplantation embryos at 60 hpi were significantly higher than those of 30, 36, 42, 48, and 90 hpi, the levels of Per3 transcripts were almost constant in all oocytes and embryos collected (P , 0.05; Fig. 1 ).
Quantification of Transcripts of Clock, Arntl, and Cry1 in Mouse Oocytes and in In Vivo-Produced Preimplantation Embryos
The amounts of Clock transcripts in embryos tended to decrease after mating, and Clock transcripts were almost depleted at 48 h after the start of cohousing (P , 0.05; Fig. 2 ). The amount of transcripts of Arntl also tended to decrease after mating, and the transcripts were depleted at 48 h after the start of cohousing (Fig. 2, P , 0.05) . The amount of transcripts of Cry1 also tended to decrease after mating, and the transcripts were depleted at 27 h after the start of cohousing (P , 0.05; Fig. 2 ). The levels of transcripts of Arntl and Per2 in the kidneys significantly fluctuated during the day, and peaks were observed at 84 and 72 h after the start of cohousing (P , 0.05; Fig. 3 ).
FIG. 2. Expression profiles of circadian genes in preimplantation embryos produced in vivo.
In the figure, a, b, and c represent the expression profiles of Clock, Arntl, and Cry1, respectively. The x-axis denotes elapsed time (h) from the start of cohousing of female and male mice and the developmental stages of preimplantation embryos. The yaxis denotes copies per oocyte or preimplantation embryo. Each value is representing the mean 6 SEM. Different lowercase letters denote statistically significant differences (P , 0.05).
FIG. 3. Expression profiles of Arntl (a) and
Per2 (b) in the kidney during a period of 68 to 92 h after mating. White parts of the bars in the tops of the figures show the light period, and black parts show the dark period. The x-axis denotes elapsed time (h) from the start of cohousing of female and male mice. The y-axis denotes copies per 1 ll of cDNA solution from the kidney. Different lowercase letters denote statistically significant differences (P , 0.05).
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Analysis of the Localizations of Circadian Gene Proteins in Mouse Oocytes and Preimplantation Embryos
Signals indicating the presence of CLOCK and CRY1 were detected in the nuclei of GV oocytes and of one-, two-, four-, and eight-cell embryos collected from 6 to 60 hpi (Fig. 4,  A and C) . Signals indicating the presence of ARNTL were detected in the nuclei of GV oocytes and of one-, two-, and four-cell embryos collected between 6 and 48 hpi (Fig. 4B) . Signals in the nuclei of two-cell embryos indicating the presence of CLOCK, ARNTL, and CRY1 disappeared when the antibody for each protein was treated with the corresponding neutralizing peptide (Fig. 4D) .
Effect of Cry1 siRNA on CRY1 Decrease in GV Oocytes
The 68.5-kDa band indicating the presence of CRY1 was observed in GV oocytes immediately after collection from the ovary (0 h), but the band disappeared 6 and 12 h after Cry1 siRNA injection (Fig. 5Aa) . On the other hand, the band was detected at all time points in intact GV oocytes and GV oocytes into which nonsense RNA was injected (Fig. 5A, b and c) . The 43.0-kDa band indicating the presence of ACTB was detected in all oocytes (Fig. 5A) . Although the averaged relative concentration of the bands indicating the presence of CRY1 in Cry1 siRNA-injected oocytes was significantly decreased at 6 and 12 h after injection, no shifts were observed in those in the nonsense RNA-injected oocytes and intact oocytes (P , 0.05; Fig. 5B ).
Nuclear Stages of CRY1-Decreased GV Oocytes after IVM
Three nuclear stages, GV, metaphase I (MI), and metaphase II (MII), were observed in each group of oocytes injected with Cry1 siRNA, nonsense RNA, and water after maturation culture. The DAPI staining differentiated each nuclear stage clearly. We confirmed that the morphologies of GV, MI, and MII that were observed in maturation-cultured GV oocytes injected with each reagent did not differ from those observed in intact GV oocytes after maturation culture. In the oocytes cultured for 22 h, the proportion of oocytes that remained at the GV stage in Cry1 siRNA-injected oocytes was significantly higher than those in other treatment groups (P , 0.05; Fig. 6A ). The proportion of oocytes at MI stage in Cry1 siRNA-injected oocytes was significantly higher than that in water-injected oocytes, but there was no difference between the proportion of nonsense RNA-injected oocytes and that of Cry1 siRNA-injected oocytes (P , 0.05; Fig. 6 ). In the oocytes cultured for 36 h, the proportions of oocytes at GV, MI, and MII stages and the proportion of degenerated oocytes were not different in the treatment groups (Fig. 6B) .
Quantification of Transcripts of Wee1, Cry1, Cry2, Per1, Per2, and Per3 in CRY1-Decreased GV Oocytes Germinal vesicle oocytes that had been injected with Cry1 siRNA, nonsense RNA, and water were cultured in a medium containing dbcAMP for 6 h, and their amounts of Wee1, Cry1, Cry2, Per1, and Per2 transcripts were determined (Fig. 7) . The amount of the transcript of each gene did not differ according 
ANALYSES OF CIRCADIAN GENES IN OOCYTES AND EMBRYOS
to the injected reagents, except for that of Cry1. In the oocytes injected with Cry1 siRNA, the amount of transcripts of Cry1 was significantly reduced (P , 0.05; Fig. 7 ).
DISCUSSION
We have reported here that although the transcripts of circadian genes and their derivative proteins are present in mouse oocytes and preimplantation embryos, they do not seem to be involved in the ticking of the circadian clock, and CRY1 seems to be involved in the meiosis process.
In GV oocytes in mammals as well as in mice, global transcription activity from the genome is suppressed, and most of the mRNAs are preliminarily stored during oogenesis as maternal mRNAs to support normal meiosis and subsequent development after fertilization. Therefore, our results suggest that the transcripts of circadian genes may well be present as maternal mRNAs to support normal oocyte maturation and subsequent embryonic development (Fig. 1) [30, 31] . Because it has been demonstrated in the present study that the transcripts of Clock, Arntl, and Cry1, a combination that induces suppression of CCG transcription [2, 10] , are more abundant in GV oocytes than are transcripts derived from other circadian genes, and that CLOCK, ARNTL, and CRY1 are also present in GV oocytes, it is possible that Clock, Arntl, and Cry1 transcripts are involved in the suppression of transcription of CCGs, including Wee1 in GV oocytes (Fig. 1) . In fact, because maternal mRNAs include many types of transcription-suppressing factors, and one of these, transcripts of Ccndbp1 (also known as Maid), suppresses the activity of transcriptionpromoting factors HAND1 (HXT) and ASCL (MASH) in mouse GV oocytes [32] [33] [34] [35] , the transcripts of Clock, Arntl, and Cry1 may function in suppressing the transcription of CCGs in GV oocytes. Although suppressed global transcription activity in GV oocytes is released after the two-cell stage and the amounts of transcripts of the majority of genes are increased significantly [30, 31] , no significant increase was observed in the amounts of the circadian gene transcripts after the two-cell stage in our study (Fig. 1) . This suggests that transcription of circadian genes in preimplantation embryos of mice is not activated until the blastocyst stage (Fig. 1) [12, 36] . Because it has been reported that cells in hamster prenatal fetuses show an FIG. 6 . Proportion of each nuclear stage (GV, MI, MII, and degeneration) in maturation-cultured GV oocytes to which Cry1 siRNA, nonsense (NS) RNA, and nucleasefree water (water) were injected before maturation culture. The proportion of each nuclear stage was calculated by dividing the number of oocytes attaining a certain nuclear stage after the maturation culture by the whole number of GV oocytes used for maturation culture. A) Results obtained by 22 h of maturation culture. B) Results obtained by 36 h of maturation culture. Each value is the mean 6 SEM. Different lowercase letters denote significant differences (P , 0.05).
FIG. 7. Amounts of transcripts of
, and Per3 (f) in GV oocytes after injection of Cry1 siRNA, nonsense RNA, and nuclease-free water (water). Each value is the mean 6 SEM. Different lowercase letters denote significant differences (P , 0.05).
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oscillatory transcription of circadian genes [37] , the rhythmical transcriptions of circadian genes in fetuses may be acquired between the blastocyst and prenatal stages. Although the trigger that starts oscillatory transcription of circadian genes has not been identified, implantation may be one of the possible triggers, because of the possible transmittance of the circadian rhythm from a mother's body to her embryo and alteration of the transcription state of numerous embryonic genes [38] .
Because amounts of the transcripts of Per2 and Arntl in the kidneys fluctuated during the 24-h period and the amounts of Per2 and Arntl peaked at opposite time points in the day, the circadian clock of the mice used in this study seemed to tick normally (Fig. 3) [39] . On the other hand, transcripts of the circadian genes that were detected in preimplantation embryos, at least in the one-to four-cell and blastocyst stages, did not oscillate in the 24-h time period (Fig. 1) . This constant expression profile may indicate that circadian genes are not involved in ticking of the circadian clock in preimplantation embryos [4, 6] . Although measurement of the amounts of transcripts with an interval of less than at least 6 h seems to be required for precise detection of oscillatory transcription that repeats every 24 h, we collected preimplantation embryos every 12 h between 48 and 84 hpi for analysis of transcription of circadian genes, because the embryos obtained during this period include multiple embryos of developmental stages, except for those obtained at 48, 72, and 84 hpi (Fig. 1) [7] . However, because it has been shown that lack of Per2 transcripts strongly suppresses the rhythmic expression of other circadian genes in the mouse suprachiasmatic nucleus and because of the observed lack of transcripts of Per2 in preimplantation embryos of all stages, it seems unlikely that circadian genes are rhythmically transcribed every 24 h in preimplantation embryos, including the period between 48 and 84 hpi (Fig. 1) [40] . Oscillatory transcription of circadian genes is not observed in some cells, such as differentiating cells that have a peculiar developmental timer other than the circadian clock; oscillation of the amounts of transcripts of circadian genes may be suppressed in such cells so as not to perturb their peculiar developmental timer [12, 13] . Preimplantation embryos of many animals, including mice, are also thought to have a peculiar hourglasslike developmental timer. For example, the timing of some important events in preimplantation embryo development, such as zygotic gene activation, compaction, and blastocoel formation, has been shown to depend on the amount of factors that are preliminarily stored in the cytoplasm [30, 31, [41] [42] [43] . Results of these studies seem to show that the oscillatory transcription of circadian genes is suppressed in preimplantation embryos to prevent perturbation of this peculiar developmental timer.
Precise comparison of the expression profiles of circadian genes in the preimplantation embryos that were produced in vitro and in vivo was difficult, because the exact timing of mating and fertilization could not be determined in the preimplantation embryos obtained in vivo. However, our results showed that the transcripts of Clock, Arntl, and Cry1 in preimplantation embryos derived in vivo as well as in vitro were depleted to similar extents until the two-cell stage (Figs. 1  and 2 ), suggesting that the expression profiles of circadian genes obtained from in vivo-produced embryos are not different from those of in vitro-produced embryos and do not show oscillatory transcription patterns. Levels of the transcripts of Clock, Arntl, and Cry1 in in vivo-derived one-cell embryos tended to be lower than those in in vitro-derived embryos ( Figs.  1 and 2) . The level of the Clock transcripts in in vivo-derived one-cell embryos was markedly low-only one fifth of that in in vitro-derived one-cell embryos (Figs. 1 and 2) . Although the results of a recent study have shown that the rates of decrease in amounts of the majority of transcripts in oocytes matured in vitro and in vivo did not differ, the levels of some transcripts decreased faster in vivo than in vitro [44] . The results of that study suggested that the transcripts of these genes sense the environment to which the oocytes are exposed during maturation and change their rate of decline to adjust the oocyte physiology so as to adapt the oocytes to the exposed environment [44] . Although no evidence has been reported, the different levels of transcripts of Clock, Arntl, and Cry1 observed between in vivo-derived one-cell embryos and in vitro-derived one-cell embryos may indicate that the transcripts of these genes are involved in the adjustment of physiologies in response to the environmental conditions to which the embryos are exposed (Figs. 1 and 2) . In this study, the amounts of transcripts of Clock, Arntl, and Cry1 in naturally ovulated oocytes and preimplantation embryos derived from IVF of naturally ovulated oocytes were measured to clarify the effect of superovulation treatment on the transcript levels for each of the genes (data not shown). It was found that the levels of the transcripts of Clock and Arntl in naturally ovulated oocytes collected at 0900 h on the day of estrus were about half of those in oocytes obtained by superovulation treatment, but that the level of Cry1 transcripts was almost the same as that of observed in the superovulated oocytes (Fig. 1) . Although different ovulation timing in superovulation and natural ovulation may have caused the difference in transcript levels of Clock and Arntl, it is also possible that the different hormone doses or hormonal exposure timing between superovulation and natural ovulation caused the difference [26] . In preimplantation embryos derived from IVF of naturally ovulated oocytes, the transcript levels of Clock, Arntl, and Cry1 in the two-cell-stage embryos at 30 hpi and in the blastocysts at 96 hpi were below 100 copies/embryo (data not shown), and these levels were almost the same as those observed in the preimplantation embryos derived from oocytes obtained by superovulation (Fig. 1) . These results suggest that transcripts of Clock, Arntl, and Cry1 are abundant in naturally ovulated oocytes, although the levels of transcripts of Clock and Arntl are lower than those contained in oocytes obtained by superovulation, and that levels of these transcripts decrease with embryonic development, as observed in preimplantation embryos derived from IVF of oocytes obtained by superovulation.
Because circadian gene proteins function as transcription regulation factors by interacting with the genome in the nuclei [2, 6, 10] , our observations of the nuclear localization of CLOCK, ARNTL, and CRY1 are consistent with their function as transcription regulation factors (Fig. 4, A-C) . In somatic cells, CRY1 and CRY2 directly attach to the CLOCK-ARNTL complex to suppress its transcription-promoting activity for CCGs, including Wee1, and the circadian genes Cry1, Cry2, Per1, Per2, and Per3 possess an E box in their promoter region [2, 10] . Therefore, CLOCK, ARNTL, and CRY1 may likewise function in suppression of the transcription of the genes. Moreover, because CRY1 can completely suppress Per1 transcription alone and because detachment of CRY1 and CRY2 from the CLOCK-ARNTL complex induces reactivation of the transcription-promoting activity of the CLOCK-ARNTL complex [6, 9, 10, 45] , an artificial decrease in CRY1 is likely to activate transcription of CCGs, including Wee1 and the aforementioned E-box-containing circadian genes, if CRY1 indeed functions in suppression of the CLOCK-ARNTL complex in GV oocytes. However, our results revealed that the amounts of transcripts of Wee1, Cry2, Per1, Per2, and Per3
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are not altered by the CRY1 decrease in GV oocytes (Fig. 7) . Although there is a possibility that CRY2 functioned instead of CRY1 in the CRY1-decreased oocytes, these results indicate that CLOCK, ARNTL, and CRY1 in oocytes do not function as they do in cells that have the ticking circadian clock; that is, CRY1 interacts with the CLOCK-ARNTL complex and suppresses transcription of CCGs and E-box-containing circadian genes [6, 9, 10] . Immunofluorescence analysis also showed that CLOCK, ARNTL, and CRY1 were not present in MII oocytes (Fig. 4, A-C ). Because proteins with nuclear localization signals localize in the nucleus during interphase and disperse into the cytoplasm during metaphase and because CLOCK, ARNTL, and CRY1 possess nuclear localization signals [46, 47] , the disappearance of CLOCK, ARNTL, and CRY1 signals in MII oocytes may be due to the cytoplasmic dispersion of the proteins.
Our results also indicate that a decrease in CRY1 affected meiosis progression without affecting the transcription of CCGs, such as Wee1 (Figs. 6 and 7) . To obtain further information on whether the decrease in CRY1 in GV oocytes only slows meiotic progression, each group of oocytes injected with Cry1 siRNA, nonsense RNA, and water was cultured over 22 h until the time that normal oocyte physiology decays, and the nuclear status of each group of oocytes at this culture time limit was compared. The culture time limit was set at 36 h in this experiment, because Miao et al. [48] suggested that mouse GV oocytes completely lose their activation competence more than 30 h after the start of maturation culture. As a result, although the proportions of GV and MII oocytes in Cry1 siRNA-injected oocytes were larger and smaller, respectively, than those in the nonsense RNA-injected oocytes as observed in the 22-h maturation culture (Fig. 6) , the statistically significant differences between Cry1 siRNA-injected oocytes and nonsense RNA-injected oocytes in the proportions of GV and MII oocytes observed in the oocytes cultured for 22 h disappeared with the prolonged culture (Figs. 6) . Although the effect is not large, these data suggest that CRY1 knockdown slows meiotic progression. Because circadian genes are known to adjust the physiologies of organisms to adapt them to the exposed environment, it has been suggested that the effect of circadian gene knockout appears not as complete loss of some physiological functions, but as moderate changes in some physiological functions according to the loss of adjustment [49, 50] . From this viewpoint, the modest effect of CRY1 on meiosis seems to be a reasonable phenotype in the knockout of circadian genes. Moreover, in somatic cells, Matsuo et al. [2] showed that the speed of cell proliferation (speed of cell cycle progression) of the partially excised liver was slower in Cry1/2 knockout mice than in wild-type mice, but their weights finally recovered to the same degree at 10 days after the excision. Because this modest effect of Cry1/2 knockout on mitosis resembles that observed in meiosis progression, it seems that the modest effect of CRY1 knockdown on meiosis progression observed in this study is evidence of CRY1 involvement in meiosis. Because PER1 and PER2 can participate in progression of the cell cycle by interacting with ATM kinase [51] , proteins derived from circadian genes, including CRY1, may interact with some proteins that regulate progression of the cell cycle and be involved in the process of meiosis by mechanisms other than regulation of the transcription of CCGs. In any case, future studies that clarify the proteins that interact with CRY1 in GV oocytes will reveal the involvement of CRY1 in the mechanisms of meiosis.
In summary, our results suggest that circadian gene transcripts are present in mouse oocytes as possible maternal mRNAs and that CRY1 is involved in meiosis in a manner other than association with the CLOCK-ARNTL complex that is commonly observed in cells that have the ticking circadian clock. Moreover, transcription oscillation of circadian genes that is typically observed in cells that have the ticking circadian clock was not detected in preimplantation embryos. Thus, circadian genes regulate the physiologies of oocytes and preimplantation embryos by some unknown mechanism(s) other than regulation of the circadian clock.
